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Background: During off-pump coronary artery bypass surgery, concern remains
about the possible myocardial injury associated with the transient occlusion and
stabilization of the target vessels. Although intraluminal shunts are used to avoid
ischemia during graft anastomosis, blood flow through the shunts can be affected
by upstream pressure and inherent resistance, resulting in reduced blood flow dur-
ing hypotension or severe proximal stenosis.
Methods: In anesthetized dogs regional myocardial blood flow (microspheres), oxy-
gen consumption, lactate extraction, and systolic shortening (sonomicrometry)
were measured in the myocardium served by the left anterior descending coronary
artery with native perfusion after interposition of a 2.25-mm shunt (≥90% of left
anterior descending diameter) and during active coronary perfusion with a constant
flow pump. Measurements were made under normotension and hypotension pro-
duced by partial caval occlusion to reduce arterial pressure by 50%.
Results: Interposition of the shunt reduced blood flow by 67.8%, regional oxygen
delivery by 59.8%, and systolic shortening by 45.6% relative to baseline, but lactate
extraction (31.0% vs 31.2%) and oxygen supply-consumption (O2S/myocardial
oxygen consumption ratio, 2.7 ± 0.5 vs 2.6 ± 0.5) were comparable with baseline
values. Hypotension further decreased these physiologic values and was associated
with local lactate production (–67.4% extraction) and decreased O2S/myocardial
oxygen consumption ratio (1.3 ± 0.1). Active coronary perfusion was associated
with regional blood flow, oxygen delivery, systolic shortening, and lactate extrac-
tion comparable with baseline values. In contrast to the shunt, active perfusion
maintained myocardial flow, oxygen delivery, and lactate extraction during
hypotension and normalized the O2S/myocardial oxygen consumption ratio,
although systolic shortening decreased as a result of ventricular unloading. 
Conclusion: Intraluminal shunts may impede oxygen delivery to the target
myocardium, which precipitates regional ischemia during transient hypotension.
Active coronary perfusion provides adequate oxygen supply independent of sys-
temic blood pressure.
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Off-pump coronary artery bypass (OPCAB)grafting has recently gained large accep-tance with good short-term results.1,2However, OPCAB usually requires aperiod of target coronary artery occlusionto achieve adequate visibility during distal
anastomosis. This transient ischemic period may be super-
imposed on preexisting ischemia of varying degrees and
may produce myocardial damage to the target segment.3,4
In addition, retraction and stabilization maneuvers during
OPCAB often cause hemodynamic instability and systemic
hypotension, especially when the hearts are displaced verti-
cally for exposure of lateral and posterior branches,5,6
which may necessitate prompt conversion to conventional
on-pump coronary artery bypass grafting. In this regard
hemodynamic instability during displacement of the heart
has been addressed with mechanical support systems for
either the left7 or right8 ventricle. Several clinical studies
have shown the effectiveness of intracoronary shunts to
maintain myocardial perfusion to avoid ischemia of target
vessels during routine OPCAB.9-11 However, it is unclear
how the adequacy of blood flow is affected by intracoronary
shunts when systemic blood pressure, which drives coro-
nary flow, is reduced by means of retraction and stabiliza-
tion maneuvers during OPCAB.
In this regard we recently introduced the concept of per-
fusion-assisted direct coronary artery bypass (PADCAB),12
a novel technique by which to perfuse grafted vessels
directly during multivessel OPCAB by a computer-con-
trolled blood-delivery system. This technique enables active
perfusion of selected target myocardium independent of
systemic blood pressure, which contrasts with passive
blood flow provided by intraluminal shunts or mechanical
ventricular support systems. PADACB has the potential to
avoid ischemia and its physiologic consequences during
OPCAB by maintaining adequate perfusion, even during
systemic hypotension.
Accordingly, the present study tests the hypotheses that
intracoronary shunts provide inadequate blood flow during
target coronary occlusion, that this inadequate delivery of
blood flow is exacerbated during hypotension, and that
active perfusion maintains adequate blood-flow delivery
during normal blood pressure and systemic hypotension.
Materials and Methods
Experimental Preparation
All animals received humane care in compliance with the “Guide
for the Care and Use of Laboratory Animals” prepared by the
Institute of Laboratory Animal Resources, National Research
Council, and published by the National Academy Press (revised
1996). Ten healthy mongrel dogs of either sex weighing 23.8 to
33.6 kg (average weight, 29.8 ± 1.0 kg) were initially anesthetized
with intravenous 2.5% thiopental (20 mg/kg), followed by con-
stant infusion of fentanyl citrate (0.4 µg·kg–1·min–1) and diazepam
(0.003 mg·kg–1·min–1) during the experiment. Each dog was endo-
tracheally intubated and mechanically ventilated to maintain a
PaO2 of greater than 100 mm Hg, a PaCO2 of 35 to 45 mm Hg, and
a pH of 7.35 to 7.45. Metabolic acidemia was corrected with
sodium bicarbonate infusion as needed. Polyethylene catheters
were inserted into the femoral artery bilaterally, with one side
being used for monitoring systemic arterial blood pressure and
microsphere reference sampling and the contralateral side being
used as an arterial blood source for the coronary arterial perfusion
circuit during the active perfusion component of the experiment
(Fig 1, A). The chest was opened by means of a lateral thoraco-
tomy at the fifth intercostal space, the inferior vena cava was
looped with an umbilical tape, and the heart was suspended with a
pericardial cradle. A Millar MPC-500 temperature-compensating
solid-state catheter (Millar Instruments, Houston, Tex) was placed
in the left ventricular cavity through an apical stab wound to mea-
Fig 1. A, Diagram of the surgical preparation and LAD perfusion
circuit. After the baseline measurements, the LAD was secured
either with intracoronary shunts or an intraluminal cannula distal
to the first diagonal branch to perfuse the target area (hatched
area) under different conditions. LV, Left ventricular. B,
Experimental protocol. The order of the 2 experimental interven-
tions was randomized (shunt series first, n = 5; active-perfusion
series first, n = 5) to minimize the study limitation, and a total of 5
consecutive data points were obtained in each dog. Shunt,
Intracoronary shunt; Perfusion, active perfusion.
A
B
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sure instantaneous left ventricular pressure. A polyethylene
catheter was inserted into the left atrium for injection of colored
microspheres. A proximal portion of the left anterior descending
coronary artery (LAD) was dissected free and encircled loosely
with 2 rubber vessel loops for snaring around an intracoronary
shunt or around the intraluminal perfusion cannula. Pairs of 5-
MHz piezoelectric ultrasonic crystals 2.5 to 3.0 mm in diameter
were placed in the subendocardium within the area perfused by the
LAD (target area) and the left circumflex coronary artery (LCx;
normal area) to measure instantaneous segmental dimensions with
a sonomicrometer (model 120; Triton Technology, San Diego,
Calif). A model SPC-320 2Fr solid-state pressure transducer
(Millar Instruments) was inserted into a small right ventricular
branch of the LAD distal to the site of arteriotomy to measure
instantaneous LAD intracoronary pressure (Fig 1, A). The position
of the transducer catheter did not interfere with LAD blood flow.
A sampling catheter was introduced by means of direct puncture
of the anterior interventricular vein (AIV) to sample venous blood
draining exclusively from the region perfused by the LAD. The
dogs were systemically heparinized with 300 U/kg heparin sodium
supplemented with 300 U/kg every 90 minutes.
Experimental Protocol
The protocol is schematically presented in Fig 1, B. Hemodynamic
data and blood samples were obtained, and colored microspheres
were injected at baseline. After reversible ligation of the LAD, an
arteriotomy was performed distal to the occlusion through which
either a 2-mm-diameter cannula (DLPlegia Highflow Vessel
Cannulae; Medtronic DLP, Grand Rapids, Mich) or a 2.25-mm
intraluminal shunt (FLOTHRU; Bio-Vascular, Inc, Saint Paul,
Minn) was inserted. The outer diameter of the shunt was 90% of the
LAD diameter at the point of insertion. For the intracoronary shunt
series, 2 rubber snares were tightened around the proximal and dis-
tal ends of the shunt device after insertion into the arteriotomy. In
the shunt series data were collected under normotensive conditions
(Shunt-Normo group) and under systemic hypotension (Shunt-
Hypo group) created by partial snaring of the inferior vena cava to
50% of baseline blood pressure. In the active-perfusion series the
LAD cannula was attached to a delivery line from a constant-
volume nonpulsatile pump (Myocardial Protection System cardio-
plegia and perfusion delivery system; Quest Medical Inc, Allen,
Tex), and perfusion was immediately established with continuous
withdrawal of femoral arterial blood (Fig 1, A). LAD systolic pres-
sure was immediately matched to left ventricular systolic pressure
by adjusting the flow rate, and the flow was considered to reach
equilibration once the blood-flow rate and intracoronary pressure
became stable. The compliance in the bladder-based perfusion sys-
tem avoided the marked decrease in diastolic pressure observed
with positive displacement perfusion systems. Thereafter, the flow
was kept constant throughout the active-perfusion experiments.
Data were again collected under normotensive (Perfusion-Normo
group) and hypotensive (Perfusion-Hypo group) conditions. The
dogs were allowed to stabilize for 20 to 30 minutes after each inter-
vention. The order of shunt or active-perfusion series was random-
ized (Fig 1, B). During active perfusion, colored microspheres were
injected into the proximal portion of the perfusion line and sampled
distally at 3 mL/min to determine myocardial blood flow specifi-
cally in the area at risk to avoid loss of microspheres by adherence
to pump components. The pump blood-flow rate was increased
accordingly to compensate for reference-sample withdrawal from
the catheter. Analysis of the perfusion tubing, shunts, and coronary
catheters showed no adherent microspheres.
Data Collection and Analysis
Hemodynamic data, including left ventricular, systemic arterial
(femoral arterial), and LAD pressures, and segmental length data
were acquired during a 10-second period of respiratory apnea. The
pressure-rate product was calculated from left ventricular systolic
pressure multiplied by heart rate. The data from each channel were
digitized and processed with computer algorithms by using an
interactive videographics program (SPECTRUM; Wake Forest
University, Winston-Salem, NC), as described previously.14
Percentage of segmental shortening (SS%) and segmental stroke
work (SW) were determined, as previously described.
Regional Myocardial Blood Flow
Regional myocardial blood flow (RMBF) with 0.15 (in-line injec-
tion) to 2.0 (left atrial injection) million 15-µm color-labeled
microspheres (Triton Technology, San Diego, Calif) was calculated
by using the reference-sampling method, as previously described.
Reference samples were withdrawn from the femoral artery or the
perfusion line at a constant rate for 3 minutes. Postexperimental
myocardial tissue and reference blood samples were analyzed with
a spectrophotometer (DU7400; Beckman, Fullerton, Calif). Blood
flow was calculated in the normal epicardium, normal endo-
cardium, target epicardium, and target endocardium, as follows:
RMBF = (CTFR/CR)/WT,
where CT and CR are the absorbances from dispersed micro-
spheres in the tissue and reference blood samples, respectively. FR
is the reference flow rate, and WT is the total weight of the tissue
sample in grams. Blood flow was also integrated over subepicar-
dial and subendocardial regions to give transmural blood flow.
Results are expressed as milliliters per minute per gram of tissue.
Regional Oxygen and Lactate Extraction
Arterial and local coronary venous oxygen content and blood lac-
tate concentration were measured with a blood gas and metabolite
analyzer (Stat Profile M; Nova Biomedical, Waltham, Mass). The
percentage of regional myocardial oxygen extraction was calcu-
lated from the arterial-AIV oxygen content difference divided by
arterial oxygen content. Likewise, the percentage of regional trans-
myocardial lactate extraction was calculated from the arterial-AIV
lactate difference divided by the arterial lactate concentration.
Regional Oxygen Consumption and Delivery
Regional myocardial oxygen consumption (MVO2) of the LAD
myocardium was calculated with the arterial-AIV oxygen content
difference and the transmurally integrated myocardial blood flow
from the target zone, as previously described,13 and is expressed in
milliliters of oxygen per minute per gram. Likewise, regional oxy-
gen delivery (O2 delivery) was calculated with the arterial oxygen
content and the transmurally integrated blood flow from the target
zone. These measurements and calculations have been previously
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validated.13 The regional oxygen supply/consumption ratio
(O2S/MVO2) was also calculated. Under normal conditions, oxy-
gen supply exceeds consumption (ratio >1), and a ratio approxi-
mating unity indicates a potential oxygen supply/consumption
mismatch (consumption limited by supply).
Statistical Analysis
Linear data were analyzed by means of 1-way analysis of variance
for repeated measures to identify time-dependent (intervention)
interactions. If significant interactions were found, then further
pairwise analysis was performed by using post hoc analysis to
locate the source of the differences. A P value of less than .05 was
considered significant, and means ± SEM are reported.
Results
Hemodynamic Data
Hemodynamic data during the course of the experiment are
shown in Table 1. There were no significant differences
among the 3 groups at each normotensive condition in any
of the hemodynamic variables, except that the heart rate in
the Shunt-Normo group was significantly (P = .03) greater
TABLE 1. Hemodynamic data at baseline and during the intracoronary shunt and active-perfusion series
Shunt Perfusion
Baseline Normotension Hypotension Normotension Hypotension
HR (beats/min) 102.4 ± 6.2 125.0 ± 7.7 171.1 ± 7.7 (*P = .0001; 117.4 ± 8.1 166.2 ± 9.3 (*P = .0001; 
(*P = .02) †P =.0002) †P = .0003)
LVSP (mm Hg) 90.0 ± 2.4 84.4 ± 3.4 46.1 ± 2.8 (*P = .0001; 82.7 ± 3.3 41.0 ± 2.0 (*P = .0001;
†P = .001) †P = .0001)
LVEDP (mm Hg) 7.1 ± 0.4 7.2 ± 0.3 5.0 ± 0.6 (*P = .005; 7.2 ± 0.3 3.8 ± 0.4 (*P = .0001;
†P = .003) †P = .0001)
MAP (mm Hg) 71.4 ± 2.0 68.5 ± 3.6 34.8 ± 2.4 (*P = .0001; 68.9 ± 3.2 37.1 ± 2.4 (*P = .0001;
†P = .0001) †P = .0001)
MLADP (mm Hg) 69.1 ± 2.2 63.3 ± 4.8 36.7 ± 4.0 (*P = .0001; 74.9 ± 3.8 67.6 ± 2.3
†P = .0001)
PRP (mm Hg · beats/min) 9211 ± 581 10,834 ± 946 7537 ± 717 (†P = .008) 9690 ± 752 6953 ± 637 (*P = .01;
†P = .008)
+dP/dt (mm Hg/s) 1142 ± 81 948 ± 63 590 ± 48 (*P = .0001; 1005 ± 70 532 ± 44 (*P = .0001;
†P = .0001) †P = .0001)
–dP/dt (–mm Hg/s) 1071 ± 55 960 ± 64 402 ± 37 (*P = .0001; 937 ± 69 338 ± 35 (*P = .0001;
†P = .0001) †P = .0001)
Values are given as means ± SEM.
HR, Heart rate; LVSP, left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; MAP, mean arterial pressure; MLADP, mean LAD
pressure; PRP, pressure-rate product; dP/dt, first derivative of left ventricular pressure.
*P value versus baseline values.
†P value versus normotension in the same series.
TABLE 2. RMBF in target (LAD) and normal (LCx) myocardium
Target zone Normal zone
Epicardium Endocardium Epicardium Endocardium
Baseline 0.885 ± 0.121 0.697 ± 0.094 0.843 ± 0.105 0.855 ± 0.093
Shunt
Normotension 0.299 ± 0.087 (*P = .002) 0.214 ± 0.045 (*P = .0004) 0.777 ± 0.093 0.747 ± 0.084
Hypotension 0.151 ± 0.028 (*P = .0001) 0.097 ± 0.027 (*P = .0001; 0.245 ± 0.056 (*P = .0002; 0.169 ± 0.041 (*P = .0001;
†P = .04) †P = .0002) †P = .0001)
Perfusion
Normotension 1.243 ± 0.142 1.209 ± 0.172 (*P = .02) — —
Hypotension 0.918 ± 0.089 1.103 ± 0.154 (*P = .04) — —
Values are means ± SEM and expressed as milliliters per minute per gram of tissue. Blood flow in normal zone is absent because of local delivery of
microspheres to the target area through the perfusion cannula in the perfusion series.
*P value versus baseline.
†P value versus normotension in the same series.
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compared with that at baseline. Partial occlusion of the infe-
rior vena cava effectively caused systemic hypotension, as
clearly shown in left ventricular systolic pressure (45.4%
and 50.4% reduction from the Shunt-Normo and Perfusion-
Normo groups, respectively) or in mean femoral arterial
pressure (49.2% and 46.2% reduction from the Shunt-
Normo and Perfusion-Normo groups, respectively). Left
ventricular end-diastolic pressure also decreased signifi-
cantly during hypotension in both the shunt (P = .005) and
the perfusion (P < .0001) series. In addition, the partial
caval occlusion caused a decrease in the peak positive and
negative first derivative of left ventricular pressure.
Systemic hypotension was associated with a significant
decrease (P = .0001) in mean LAD pressure (42.0%
decrease from the normotension value) in the Shunt-Hypo
group but only decreased by 9.7% from the Normotension
group in the Perfusion-Hypo group.
Regional Myocardial Blood Flow
Results of RMBF in the subepicardial and subendocardial
regions both from the target and normal myocardium mea-
sured by means of colored microspheres are summarized in
Table 2. Insertion of the intracoronary shunt was associated
with a decrease in blood flow to the subepicardial (P =
.0015) and subendocardial (P = .0004) regions of the target
zone compared with the baseline values, despite normal
arterial pressure. Concomitant systemic hypotension with
the intracoronary shunt in place (Shunt-Hypo group) caused
a further significant decrease in RMBF in the target zone,
with the greater decrease being in the subendocardial region
(P = .0405). In contrast, RMBF in the target zone in the
Perfusion-Normo group tended to be higher than the base-
line values in the subepicardial region, whereas RMBF in
the subendocardial region was significantly greater (P =
.02). During systemic hypotension (Perfusion-Hypo group),
RMBF in both the subepicardial and subendocardial regions
were unchanged from the preceeding normotensive values.
Fig 2 shows the transmurally integrated blood flows to the
target zone. Interposition of the intracoronary shunt was
associated with a significant decrease (P = .0007) in trans-
mural RMBF in the normotensive condition (averaging
Fig 2. Transmural myocardial blood flow in the target myocardium
under the 5 different experimental conditions. Normo,
Normotension; Hypo, hypotension; Shunt, intracoronary shunt;
Perfusion, active perfusion; NS, not significant. *P < .05 between
the indicated groups.
Fig 3. A, Systolic shortening in the target (LAD) zone under the 5
different conditions. Normo, Normotension; Hypo, hypotension;
Shunt, intracoronary shunt; Perfusion, active perfusion. B,
Segmental work in the target (LAD) zone under the 5 different
conditions. Normo, Normotension; Hypo, hypotension; Shunt,
intracoronary shunt; Perfusion, active perfusion. *P < .05 between
the indicated groups.
A
B
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32.2% of baseline). Although not statistically significant,
systemic hypotension with the intracoronary shunt caused a
further decrease in transmural RMBF (P = .08 vs Shunt-
Normo group). In contrast, transmural RMBF with active
perfusion during normotension was significantly greater (P
= .02) than baseline values. Transmural RMBF did not sig-
nificantly change from this value, with hypotension consis-
tent with blood flow maintained by the perfusion system.
Blood flow to the normally perfused LCx zone showed
no significant changes during the normotensive condition
when the intracoronary shunt was inserted into the LAD
(Table 2). However, systemic hypotension was associated
with a 68.5% reduction in RMBF in the subepicardial
region and a 77.4% reduction in RMBF in the subendocar-
dial region relative to the previous normotensive state.
Segmental Function
Segmental function in the target zone decreased with inter-
position of the shunt under normal blood pressure (Fig 3).
SS% decreased more than SW because of a rightward shift in
the systolic trajectory indicative of some degree of paradoxi-
cal bulging during systole followed by contraction. However,
hypotension with the shunt in place was associated with
approximately a 70% reduction in both SS% and SW (Fig 3).
Active perfusion restored regional function to baseline values
(Fig 3), although hypotension induced by partial caval occlu-
sion was associated with a similar decrease in segmental
function, as seen with the shunt. However, this was not coin-
cident with a decrease in blood flow, as was observed with
the shunt. Moreover, SS% in the noninvolved zone in the
Shunt-Normo and Perfusion-Normo groups were similar to
the baseline values (Fig 4). Hypotension induced by partial
caval occlusion was equally associated with a decrease in
SS% and segment work (Fig 4), suggesting that part of the
decrease in function was caused by ventricular unloading.
Regional Oxygen and Lactate Extraction in the Target
Myocardium
Results of LAD myocardial oxygen extraction and lactate
extraction in the target myocardium are summarized in Table
3. Segmental oxygen extraction in the target zone did not
change with interposition of the intracoronary shunt under
normotensive conditions, although blood flow decreased by
an average of 67% from baseline values. However, con-
comitant hypotension increased extraction by 72% from
baseline values. In contrast, there was no change in regional
oxygen extraction in the active-perfusion series. Arterial-
AIV lactate difference demonstrated extraction in all condi-
tions, with the exception of the Shunt-Hypo group, during
which there was a significant production of lactate from the
target myocardium (see the negative value in Table 3).
Regional MVO2 and O2 Delivery in the Target
Myocardium
Fig 5 shows the calculated results of regional MVO2 in the
target zone. Regional MVO2 significantly (P = .04)
decreased with the shunt in place under normotensive con-
ditions compared with the baseline values in association
with a decrease in the O2 delivery (Table 3). However, the
Fig 4. Systolic shortening in the normal (LCx) zone under the 5 dif-
ferent conditions. Normo, Normotension; Hypo, hypotension;
Shunt, intracoronary shunt; Perfusion, active perfusion; NS, not
significant. *P < .05 between the indicated groups. Fig 5. Regional myocardial oxygen consumption under the 5 dif-
ferent conditions. Normo, Normotension; Hypo, hypotension;
Shunt, intracoronary shunt; Perfusion, active perfusion. *P < .05
between the indicated groups.
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oxygen supply/consumption ratio (O2S/MVO2) averaged 2.7
± 0.5, which was comparable with the baseline value (Table
3). Systemic hypotension with the shunt caused a further
decrease in MVO2, and oxygen extraction increased nearly
2-fold (Table 3). The O2S/MVO2 ratio decreased to 1.3 ±
0.1, and transmyocardial lactate extraction converted to pro-
duction (Table 3). In contrast, oxygen variables remained at
or exceeded baseline values in the active-perfusion series
during both normotensive and hypotensive conditions.
Discussion
The effect of temporary segmental ischemia on the working
heart depends on the duration of ischemia, the extent of the
ischemic area, the presence of collateral circulation, and the
oxygen supply-to-demand balance in the involved
myocardium. Although some studies have reported no
adverse effects from transient occlusion of the target ves-
sel,1,16 others have demonstrated myocardial damage of
varying degrees during OPCAB.3,4 Additionally, experi-
mental studies have reported persistent contractile dysfunc-
tion, endothelial injury, and apoptosis as physiologic
consequences of brief coronary occlusion.17-19 These con-
sequences have prompted the use of several strategies, such
as a “proximal first” approach, intraluminal coronary
shunts, and ischemic preconditioning of the target
myocardium, especially in multivessel OPCAB, to reduce
the duration and consequences of ischemia.4,11,20,21 In this
regard the PADCAB technique is one of the options to
avoid ischemia induced by temporary coronary occlusion.12
Although the technique was originally applied to graft con-
duits after the completion of the distal anastomosis, the tar-
get coronary artery can be perfused directly with the aid of
an intraluminal device, as was applied in the present study.
In the present study we tested the potential benefits of
active perfusion over passive coronary perfusion through an
intracoronary shunt in a canine OPCAB model. The outer
diameter of the shunt used in our study was 2.25 mm, which
is commonly used for clinical cases and which was approx-
imately 90% of the diameter of the native vessel. The
myocardial blood flow during shunt interposition was sig-
nificantly impeded; myocardial blood flow was further
impaired by systemic hypotension, especially to the suben-
docardium. This maldistribution of blood flow with the
shunt was associated with a significant decrease in O2 deliv-
ery, O2 consumption, and segmental function in the target
myocardium. With normal blood pressure, O2 delivery and
O2 consumption decreased by over 50% during interposition
of the intracoronary shunt. However, the O2 supply/con-
sumption ratio and O2 extraction were not altered, and there
was no net change in lactate extraction that would indicate
an ischemic condition.22 With superimposed hypotension
and shunting, O2 delivery was further decreased, and O2
extraction increased nearly 2-fold. The O2 supply/consump-
tion ratio decreased to unity (1.3 ± 0.1), and transmyocardial
lactate extraction converted to production without a change
in the arterial lactate concentration. Therefore under nor-
motensive conditions, the shunt reduced O2 delivery and
contractile function in similar proportion without ischemia,
whereas during hypotension, O2 delivery was reduced to the
point of limiting O2 supply and consequently inducing
ischemia. In contrast to the shunt series, oxygen variables
remained or exceeded baseline conditions during active per-
fusion with normal blood pressure. Moreover, hypotension
did not induce a decrease in O2 delivery (caused by main-
tained blood flow levels) or an increase in O2 extraction, and
the O2 delivery/consumption ratio remained at the baseline
level. Consequently, lactate extraction was maintained with
active perfusion, even during hypotensive conditions.
Unimpaired contractile function requires that oxygen
availability equals or exceeds oxygen demand. A decrease
TABLE 3. Segmental oxygen delivery, oxygen extraction, oxygen supply/consumption ratio, and lactate extraction during
control, intracoronary shunt, and active-perfusion series of experiments
Shunt Perfusion
Baseline Normotension Hypotension Normotension Hypotension
O2 delivery (mL O2/min per 100 g) 13.2 ± 2.0 5.3 ± 1.6 (*P = .01) 2.0 ± 0.4 (*P < .0001; 21.8 ± 2.7 (*P = .2) 18.3 ± 1.2 (*P = .046)
†P = .04)
O2 extraction (%) 45.7 ± 4.2 41.9 ± 5.8 78.7 ± 4.8 (*P < .0001; 40.0 ± 3.8 37.9 ± 4.3
†P < .0001)
O2S/MVO2 ratio 2.6 ± 0.5 2.7 ± 0.5 1.3 ± 0.1 (*P = .016; 2.6 ± 0.2 3.3 ± 0.7
†P = .012)
Lactate extraction (%) 31.2 ± 18.6 31.0 ± 7.8 –67.4 ± 17.3 (*P = .005; 21.4 ± 11.1 38.8 ± 13.6
†P = .0008)
*Significant versus baseline.
†Significant versus normotension in the same series.
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in oxygen supply will downregulate contractile function to
that level supported by the oxygen supply so that the oxy-
gen supply/demand (consumption) ratio will be greater than
or equal to 1.0. In our data, with interposition of the shunt,
transmural blood flow decreased by 67% with a corre-
spondingly equivalent decrease in contractile function, so
the O2 supply/consumption ratio was not altered. The lack
of ischemia was supported by an absence of lactate produc-
tion by the target myocardium. Therefore a condition simi-
lar to hibernation was created by the shunt.23,24 However,
hypotension, which may also be encountered during verti-
cal displacement of the heart to visualize posterior target
vessels,5,6,25 or during ventricular compression by stabiliza-
tion devices, exacerbated the decrease in blood flow, with
the greatest decrease being observed in the subendocardium
(86% decrease from baseline). The subendocardium is par-
ticularly vulnerable to oxygen supply and demand imbal-
ances.27 Therefore the decrease in myocardial blood flow
observed in the present study during hypotension with the
shunt was likely sufficient to create myocardial ischemia, as
evidenced by lactate production from the target
myocardium, and an O2 supply/consumption ratio of
approximately 1.0 indicates supply limitation. The addi-
tional decrease in target area contractile function may have
been due to the combined effects of impaired oxygen deliv-
ery and ventricular unloading created by caval occlusion. In
contrast, selective PADCAB perfusion maintained adequate
myocardial blood flow and oxygen supply both under nor-
motensive and hypotensive conditions and therefore effec-
tively disconnected the blood supply from variations in
passive perfusion pressure.
The present data from the noninvolved (LCx-perfused)
zone demonstrated that there was no change in the RMBF
or segmental function, regardless of the methods used to
perfuse the LAD area under normotensive conditions.
However, during hypotension induced by partial caval
occlusion, segmental function decreased equally in both
perfusion modalities. The decrease in function in the nonin-
volved segment during hypotension is likely caused by pre-
load reduction and ventricular unloading. Hence part of the
decrease in function in the target (LAD) myocardium is
likely attributed to preload reduction, whereas a portion is
due to insufficient blood flow to support function.
There is an apparent discrepancy between the oxygen
consumption and the contractile work achieved in the target
vessel during hypotension in the active perfusion set of data:
the decrease in regional contractile function far exceeded the
decrease in oxygen consumption. Relative to the preceding
normotensive period, hypotension was associated with a
50% decrease in peak left ventricular systolic pressure and a
60% decrease in systolic shortening, and oxygen consump-
tion decreased by only 25%. Accordingly, the oxygen sup-
ply/demand ratio was higher during hypotension than during
normotension. However, the relatively small decrease in
oxygen consumption during hypotension is consistent with a
comparable decrease in pressure-rate product, which
declined by 28% from the normotensive value. This index
correlates well with myocardial oxygen consumption as
long as there are no significant changes in inotropic state.28
The increase in heart rate during hypotension counterbal-
anced the decrease in left ventricular pressure and mitigated
the decrease in pressure-rate product. Although systolic
shortening also decreased to a relatively large extent
(approximately 50%), the degree of contractile shortening is
a relatively minor determinant of overall myocardial oxygen
demands.29,30 Hence the oxygen consumption during
hypotension was consistent with the combined pressure and
heart-rate determinants of myocardial oxygen demands pre-
dicted by the pressure-rate product.
The strategy to induce systemic hypotension was
designed to simulate the influence of vertical displacement
of the beating heart, which is required for exposure of pos-
terior LCx branches. Hemodynamic changes during vertical
displacement of the beating heart occur by means of out-
flow tract obstruction, and compressive forces imposed by
the tissue stabilizers have been previously investigated.5,6
The observed decrease in coronary blood flow, stroke vol-
ume, and systemic pressure can be successfully reversed by
augmented ventricular preloads. However, in broader terms
the physiologic consequences of reduced coronary perfu-
sion pressure observed with hypotension are also applicable
to severe stenosis of the target vessel in which perfusion
pressure and flow distal to the lesion are impeded. The
hypotension maneuver used in the present study similarly
caused a decrease in the myocardial blood flow, segmental
work, and systemic pressure. We interpret the decrease in
systolic shortening during hypotension to be due to the
combined effects of preload reduction and inadequate blood
flow. Inadequate blood flow (supply-demand mismatch) is
suggested by lactate release from the myocardium served
by the LAD coronary artery.
From the clinical point of view, the use of intracoronary
shunts is better than simple occlusion during anastomosis in
providing blood supply to avoid ischemia of the distal seg-
ments. The present study has demonstrated the possible
advantage of selective active perfusion of target
myocardium over the use of intracoronary shunts, espe-
cially when systemic hypotension is encountered in a
planned or unplanned manner. Currently, the PADCAB
technique has been reported for perfusion through the
grafted vessels to eliminate the risk of ischemia or hypo-
perfusion of grafted segments during subsequent anastomo-
sis. However, the target coronary artery, which is being
anastomosed, could be perfused directly with the use of an
intraluminal device. Although segmental function under
systemic hypotension was due to a combination of preload
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reduction and limitation in oxygen delivery and was not
maintained by selective perfusion, ischemia was avoided,
and adequate perfusion was maintained.
The impaired delivery of blood through the shunt was
observed in a model of unobstructed coronary artery blood
flow. In coronary arteries with significant disease, the perfu-
sion pressure distal to the stenotic lesion may be lower than
that in the aorta or in the normal coronary artery. In this sit-
uation the impedance of blood flow by the shunt may be
greater, thereby potentially creating ischemia rather than
hibernation, especially during periods of hypotension. The
additional impairment of blood flow by coronary lesions
should be examined with models of stenosis of varying
degrees. However, in chronically stenotic coronary arteries,
the development of collateral blood supply occurring in
chronic ischemia may offset the mismatch in oxygen supply
versus demand observed in the present model of acute
ischemia. Furthermore, the index of regional contractile
function (systolic shortening) used in the present study is not
load independent; that is, the percentage of systolic shorten-
ing will increase with afterload reduction or a decrease in
heart rate or will decrease with preload reduction (as
observed during the hypotension interval) independent of
changes in contractility. We interpreted a decrease in systolic
shortening fraction as dysfunction only when it was associ-
ated with localized lactate release. However, further studies
should use load-independent indices to investigate the rela-
tionship between coronary blood flow, function, and metab-
olism during interposition of the shunt. Finally, the injection
of microspheres into the perfusion line was made in the
absence of a device to ensure adequate mixing with the
blood. The possible axial streaming of the microspheres may
have decreased the number of microspheres withdrawn from
the side port of the perfusion line and thereby may have led
to an overestimation of transmural blood flow. Second, axi-
ally streaming microspheres may have favored a greater dis-
tribution of microspheres to the subendocardial tissue.
In summary, the present study demonstrated that blood
flow through an appropriately sized coronary shunt is inad-
equate to meet oxygen demands necessary to maintain
regional contractile activity but causes hibernation rather
than ischemia. However, ischemia is observed with the
shunt during hypotension. The impaired delivery of
myocardial blood flow caused by the intracoronary shunts
and hypotension is overcome by means of selective and
active perfusion of the target vessel with a bladder-based
pump that makes perfusion independent of upstream blood
pressure. This novel assist strategy for OPCAB grafting can
be used in cases requiring prolonged periods of ischemia or
ischemia in multiple target areas and for patients who are
likely to experience systemic hypotension at some point
during the surgical procedure. Further studies confirming
the clinical benefits of this active-perfusion strategy and the
length of time that a shunt can be used without producing
unfavorable effects should be conducted before adoption in
clinical practice.
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